Spermatogonial stem cells (SSCs) are at the basis of the spermatogenic process and are essential for the continuous lifelong production of spermatozoa. Although several factors that govern SSC self-renewal and differentiation have been investigated, the direct effect of such factors on SSCs has not yet been studied, mainly because of the absence of markers to identify SSCs and the lack of effective methods to obtain and culture a pure population of SSCs. We now have used a previously established rat SSC cell line (GC-6spg) to elucidate the role of BMP4 in SSC differentiation. We found that GC-6spg cells cultured in the presence of BMP4 upregulate KIT expression, which is an early marker for differentiating spermatogonia. GC-6spg cells were found to express three BMP4 receptors and the downstream SMAD1/5/8 proteins were phosphorylated during BMP4-induced differentiation. A timecourse DNA micro-array analysis revealed a total of 529 differentially regulated transcripts (!2-fold), including several known downstream targets of BMP4 such as Id2 and Gata2. Pathway analysis revealed that the most affected pathways were those involved in adherens junctions, focal junctions, gap junctions, cell adhesion molecules, and regulation of actin cytoskeleton. Interestingly, among the genes belonging to the most strongly affected adhesion pathways was Cdh1 (known as E-cadherin), an adhesion molecule known to be expressed by a subpopulation of spermatogonia including SSCs. Overall, our results suggest that BMP4 induces early differentiation of SSCs in a direct manner by affecting cell adhesion pathways.
INTRODUCTION
At the basis of spermatogenesis, there is a small pool of spermatogonial stem cells (SSCs) that can give rise to either new SCCs (A s spermatogonia) or to daughter cells (A pr and A al spermatogonia) committed to differentiate into A 1 spermatogonia. In rodents, the A 1 spermatogonia undergo a series of six mitotic divisions after which they develop into spermatocytes that, through the process of meiosis, form haploid spermatids that eventually mature into spermatozoa [1, 2] . In the mouse testis, only 0.03% of the total number of germ cells are SSCs [3] .
Spermatogenesis is maintained throughout life, which implies an efficient way of balancing self-renewal and differentiation of the SSCs. In many stem cell systems, the balance between self-renewal and differentiation is regulated by the niche (reviewed in ref. [4] ). In the seminiferous tubules, SSCs are in close contact with Sertoli cells and are located in areas of the basal membrane that border on the interstitial tissue [5] [6] [7] . Factors involved in establishing the SSC niche in the testis are largely unknown.
In order to gain insight into the cell fate decision of SSCs, several studies have focused on the role of various growth factors, such as basic fibroblast growth factor (FGF2) [8] [9] [10] [11] , bone morphogenetic protein 4 (BMP4) [12] , and glial cell linederived neurothrophic factor (GDNF) [9] [10] [11] [13] [14] [15] . Of these factors, BMP4 is expressed by Sertoli cells in mice until postnatal day 7 [16] , while at later ages it is predominantly expressed in spermatogonia and spermatocytes [17, 18] . BMP4 is thought to stimulate SSC differentiation based on the fact that isolated spermatogonia from adult mice cultured in the presence of BMP4 give rise to a lower number of colonies upon spermatogonial stem cell transplantation compared to cells cultured in the absence of BMP4 [12] . Furthermore, isolated spermatogonia from 4-day-old mice cultured in the presence of BMP4 upregulate the expression of the transmembrane tyrosine kinase receptor KIT (c-KIT) [16] . Expression of KIT is known to be low or absent in A s , A pr , and early A al spermatogonia, while its expression is prominent from late A al onward [19] .
These studies, however, have different intrinsic limits. First, they all used an in vitro culture system consisting of a mixture of testicular cells rather than only spermatogonia. Second, in some studies, spermatogonial cultures were supported by a cellular feeder layer and the consistence of this feeder layer affects the behavior of SSCs [11, 20] . This means that the responses to different stimuli were always measured in mixed cell populations, since there is no appropriate method to culture pure SSCs. As a consequence, it is currently unknown whether BMP4 acts directly on SSCs or indirectly through other cell types present in the testis and/or cell culture systems.
We have previously established two rat cell lines, GC-5spg and GC-6spg [21] . These cell lines have SSC characteristics, can be cultured without feeder cells, and are capable of homing to the basal membrane after transplantation. Therefore, they provide an excellent model to study the mechanisms involved in the regulation of SSC fate. We now have used these cell lines to demonstrate that BMP4 acts directly on GC-6spg cells to induce differentiation. Using a time course DNA micro-array approach, we show that several genes and pathways that regulate adhesion properties are affected by BMP4 including adherens junctions, focal junctions, gap junctions, cell adhesion molecules (CAMs), and regulation of actin cytoskeleton. These results suggest a role of adhesion and cytoskeleton proteins in BMP4-induced SSC differentiation.
MATERIALS AND METHODS

Isolation A Spermatogonia
Adult rat testis and isolated spermatogonia from vitamin A-deficient (VAD) rat testes (pool of A s , A pr , A al spermatogonia) were collected previously. Animals were used and maintained according to regulations provided by the animal ethics committee of the University of Utrecht, Utrecht, the Netherlands, which also approved the experiments. Isolation of type A spermatogonia was performed by enzymatic digestion and discontinuous Percoll gradient centrifugation as described before [22] .
Cell Culture
Spermatogonial stem cell lines, GC-5spg and GC-6spg, were cultured as previously described [21] . Briefly, cells were cultured in MEM supplemented with nonessential amino acids (100 IU/ml), penicillin/streptomycin (100 mg/ ml), gentamicin (40 mg/ml), HEPES (15 mM) (all from Life Technologies, Inc., Paisley, UK), sodium bicarbonate (0.12%), L-glutamine (4 mM), plateletderived growth factor-BB (10 ng/ml), recombinant human basic fibroblast growth factor (10 ng/ml), recombinant human LIF (10 ng/ml), forskolin (20 lM), 1nM 17b-estradiol, G418 200 lg/ml (all from Sigma, St. Louis, MO), and 2.5% FCS (Australian origin 10099141, Invitrogen, Carlsbad, CA) at 328C and 5% CO 2 . For the induction of differentiation of the GC-6spg cells, 50 ng/ml BMP4 (R&D systems, Minneapolis, MN) was added to the culture medium [12] and cells were subsequently cultured for the indicated periods of time.
Analysis of Markers Gene Expression and BMP4 Receptors
Spermatogonia isolated from VAD rat testes (pool of A s , A pr , A al spermatogonia) and adult rat total testes were snap frozen during earlier experiments [21] . Total RNA from isolated spermatogonia, total rat testis, and the cell lines GC-5spg and GC-6spg was extracted using the FastRNA Pro Green kit (Qbiogene, Illkirch Cedex, France) according to the manufacturers' protocol, DNase treated (79254, Qiagen, Valencia, CA) and purified on RNeasy MinElute columns (74204, Qiagen). First-strand cDNA was synthesized using random primers and M-MLV Reverse transcriptase (28025-021, Invitrogen, Carlsbad, CA). RT-PCR was performed using the primers as summarized in Supplemental Table S1 (all Supplemental Data are available online at www.biolreprod.org). PCR of RNA was used as negative -RT control.
Western Blot Analysis
Protein lysates of GC-6spg cells and rat total testis were prepared with RIPA buffer (1% NP40, 0.5% NaDeoxycholaat, 0.1% SDS, 1 mM protease inhibitors by ROCHE). Protein concentrations were measured using Bicinconinic acid analysis (BCA) methods (Pierce Chemical Co., Rockford, IL). Of each sample, 50 lg was loaded on a 4-12% gradient gel (NP323BOX, Invitrogen). Proteins were blotted on polyvinylidene fluoride (PVDF) membrane (Millipore, Bedford, MA). For KIT and phosphorylated SMAD 1/ 5/8, the membrane was blocked with 5% Protifar (Nutrica, Zoetermeer, Netherlands) in Tris buffer saline (TBS, 10 mM tris-HCl pH 8.0, 150 mM NaCl), including 0.05% Tween-20 (TBT) for 30 min at room temperature (RT). Thereafter, the membrane was incubated overnight at 48C with 1:400 KIT antibody (Oncogene Research, San Diego, CA) or 1:1000 phosphorylated SMAD 1/5/8 antibody (9511, Cell Signalling Technology, Danvers, MA) in 5% Protifar in TBT. After washing, the membrane was incubated for 1 h with horseradish peroxidise conjugated goat anti-rabbit antibody (SC-2004, Santa Cruz Biotechnology Inc., Santa Cruz, CA) diluted 1:5000 in 5% Protifar in TBT; the antigens were visualized using chemiluminescence (ECL, Amersham Bioscience, Buckinghamshire, UK) and exposed to hyperfilm (Amersham Bioscience). For CDH1 detection, the membrane was blocked in LICOR blocking buffer (LICOR Biosciences, Lincoln, NE) for 1 h and probed with 1:250 rabbit polyclonal CDH1 antibody (CP1921, ECMBioscience, Versailles, KY). The secondary antibody, goat anti-rabbit IRDye 800CW, was used at a dilution of 1:5000 (926-32211, LICOR Biosciences, Lincoln, NE). As internal standard for loading control, a-tubulin antibody 1/2000 (ms-581-pc, Neomarker, Fremont, CA) was used. Image acquisition and quantification were done with the ODYSSEY Infrared Imaging System (LICOR Biosciences).
Micro-Array Analysis
RNA of GC-6 spg cells cultured in the presence of BMP4 for 0, 4, 10, 48, and 168 h was extracted using FastRNA Pro Green Kit (Qbiogene, Carlsbad, CA). RNA was DNase treated, purified with Qiagen RNAeasy, and amplified by in vitro transcription using T7 RNA polymerase (AM1334, Ambion, Foster City, CA) and 1 lg of total RNA. During in vitro transcription, 5-(3-aminoally)-UTP (Ambion, Austin, TX) was incorporated into the singlestranded cRNA. Of each sample, 3 lg of cRNA was labeled with Cy3 or Cy5 dye (PA23001 or PA25001, Amersham). From each labeled cRNA, 0.75 lg was fragmented and hybridized (5188-5241, Gene Expression Hybridization Kit, Agilent, Santa Clara, CA) on whole genome rat arrays (G4131A, Agilent) for 17 h at 658C, according to the two-color micro-array based gene expression analysis manual (Agilent). After hybridization, slides were washed manually according to the manufacturer's protocol and scanned in the Agilent G2565AA DNA Microarray scanner (100% laser power, 30% photomultiplier tube). Scanned images were quantified (image 6.0.1, Biodiscovery, El Segundo, CA) and lowess print-tip normalization was performed [23] . Two different approaches were used to analyze the micro-array data. The first analysis focused on identifying the GO categories of the genes that had a fold change !2. This analysis was performed using Genespring GX software (Agilent). The second analysis aimed at identifying the biological pathways affected in GC-6 spg cells after BMP4 treatment, using the Pathway-Express from Onto-Tools. This application combines the information present in the KEGG database (http://www.genome.jp/kegg/pathway.html) with the expression profile of all genes spotted on the micro-array in order to determine whether, in a specific pathway, more genes are involved than would be expected by chance. The Pathway-Express program calculates the impact factors, taking into account not only the normalized fold change but also the relation between all of the different genes present in a specific pathway. It then makes a ranking of the pathways according to the impact factor values (http://vortex.cs.wayne.edu/ projects.htm) [24, 25] .
The DNA microarray analysis was performed twice with two different biological replicates.
Real-Time PCR
GC-6spg cells were cultured for several time intervals in the presence of BMP4, RNA was isolated (FastRNA Pro Green kit, Qbiogene) and DNAse treated (79254 and 74104, Qiagen), and cDNA was synthesized using random primers. Quantitative RT-PCR was performed using Taqman gene expression assays (ld2 Rn01495280_m1, Gadd45g Rn01435432_g1, Gata2 Rn00583735_m1, Kit Rn01641579_m1) Applied Biosystems, Foster City, USA) on an ABI prism 7700 (Applied Biosytems). The results were normalized to 18S (4352930E, Applied Biosystems).
For Cdh1 (Cdh1 Rn.1303; FW: gatcctggccctcctgat, REV: tctttgaccaccgttctcct, probe number 15), synaptonemal complex protein 1 (Sycp1 Rn.10420; FW: gaaggagtaaatgactctgattttga, REV: ttcagcctctttatacagctttga, probe number 21), synaptonemal complex protein 3 (Sycp3 Rn.34889; FW: aacagcaaaagatttttcagca, REV: tcttctccacatcctccaaac, probe number 21), promyelocytic leukemia zinc finger protein (Zbtb16 (also known as Plzf ) rn.214576; FW: caagaagttcagcctcaagca REV: cactcaaagggcttctcacc probe number 78), integrin a 6 (Itga6 Rn.161799; FW: cttcgtttggctatgacgtg REV: cgctccgataacgatgtctt probe number 77), and integrin b 1(Itgb1 Rn.25733; FW: atcatgcaggttgcagtttg REV: cgtggaaaacaccagcagt probe number 65), quantitative RT-PCR was performed on Roche Light Cycler 480 using a primer probe assay (Roche, Almere, Netherlands), and results were normalized to Hprt1 (Hprt1; FW: gaccagtcaacaggggacat, REV: gtgtcaattatatcttccacaatcaag, probe number 22). For the Q-PCR analysis, at least three independent culture experiments were carried out.
Statistics
The significance of differences in fold change as determined by Q-PCR was calculated using one-way ANOVA (Graphpad 4, Graphpad Software, San Diego, CA) with Dunnett's multiple comparison test. Differences with a P value ,0.05 were considered to be statistically significant.
RESULTS
Characterization of the Spermatogonial Stem Cell Lines GC-5spg and GC-6spg
Previously, we have demonstrated that cell lines GC-5spg and GC-6spg have spermatogonial stem cell characteristics [21] . Since several new genes that are expressed by CHANGES 
Both cell lines expressed the membrane markers Cd9, Cd24, integrin alpha 6 (ltga6), integrin beta 1 (ltgb11), and Cd90 (also known as Thy-l) (Fig. 1) . Zbtb16, which encodes for the transcriptional repressor promyelocytic leukemia zinc finger protein (PLZF), was expressed by GC-6spg cells, but was not detectable or was hardly detectable in the GC-5spg cell line (Fig. 1A) .
Rat SSCs Express BMP4 Receptors
To study the effects of BMP4 on SSC fate decision, we first determined whether the cell lines GC-5 and GC-6 spg express BMP4 receptors and found the expression of type I (Bmpr1a/ Alk3, Bmpr1b/Alk6) and type II (Bmpr2) serine/threonine kinase receptors in both SCC cell lines (Fig. 1B) . cDNA from total rat testis and from the isolated rat A s , A pr , and A al population were used as positive controls.
BMP4 Induces-Kit Expression in GC-6spg Cells
Based on the expression of Zbtb16, we chose the GC-6spg cell line to investigate the ability of BMP4 to directly induce differentiation of this SSC line in vitro. When GC-6 spg cells were cultured in the presence of BMP4, no morphological changes were observed. However, from 10 h onward, the expression level of Kit mRNA was significantly upregulated (Fig. 2A ). Also at the protein level, an increase of KIT expression was observed. After 8 h, KIT expression was slightly increased; this increase became more prominent after 24 h and remained high for at least 1 wk (Fig. 2B) . Genes used as markers for SSCs, i.e., Zbtb16, Itga6, and Itgb1, were nonsignificantly downregulated (Fig. 2C) , while no expression of the meiosis-specific genes Sycp1 and Sycp3 could be detected in GC-6spg cells cultured in the presence of BMP4 (data not shown).
FIG. 1. A) RT-PCR analysis (PCR:
þRT and -RT) of the spermatogonial stem cell lines GC-5spg and GC-6spg for genes known to be expressed by spermatogonial stem cells. 5, GC-5spg; 6, GC-6spg; A, spermatogonia isolated from vitamin A-deficient rats; T, rat total testis. B) RT-PCR (PCR: þRT and -RT) showing that BMP4 receptors Bmpr1a, Bmpr1b, and Bmpr2 are expressed by spermatogonial stem cell lines GC-5spg and GC-6spg. 5, GC-5spg; 6, GC-6spg; A, spermatogonia isolated from vitamin A-deficient rat; T, rat total testis.
FIG. 2. BMP4 induces in vitro differentiation of spermatogonial stem cells GC-6spg
as demonstrated by the upregulation of Kit at mRNA (A) and representative immunoblot for KIT and the loading control atubulin (B). Bar chart showing a trend in downregulation of Zbtb16, Itga6, and Itgb1 known to predominantly expressed by SSCs (C). Significant difference from the control (t ¼ 0), *P , 0.05, **P , 0.01. Data are plotted as mean 6 SEM.
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SMADs Are Phosphorylated Upon Addition of BMP4 to the Culture Medium
In order to confirm that the BMP4-induced differentiation of the GC-6spg cells was induced via the BMP receptors, we investigated the downstream phosphorylation of SMADs 1, 5, and 8. Western blot analysis with an antibody specifically recognizing phosphorylated SMAD 1, 5, and 8 showed that, indeed, the SMADS were phosphorylated within 15 min upon addition of BMP4 to the culture medium (Fig. 3) .
Gene Expression Analysis During BMP4-Induced Differentiation
Gene expression analysis during BMP4-induced differentiation revealed !2-fold differential regulation of a total of 529 transcripts at least one of the time points tested. The number of differentially expressed genes undergoing a 2-fold or greater change in expression level increased with time, from 95 at 4 h to 359 at 168 h. The number of genes with a 3-fold or greater change ranged from 17 at 4 h to 133 at 168 h, for a total of 244 differentially expressed genes in at least one time point. Microarray data were validated by Q-PCR for three randomly selected downstream target genes in the TGF/BMP pathway with a distinct expression pattern over time. Expression of Id2 (inhibitor of DNA binding 2) was sharply increased at 4 h, and then progressively decreased. The transcription factor Gata2 was already increased at 4 h and remained high for at least 1 wk after BMP4-induced differentiation. Gadd45 expression followed the same trend over time (Fig. 4) . In all cases, Q-PCR data mimicked the micro-array data.
From the 529 differentially expressed transcripts identified by micro-array, 176 (33%) were assigned to one or more biological functions according to the GO database (Supplemental Table S2 ).
To further clarify the effect of BMP4 on our spermatogonial stem cell line, micro-array data were analyzed for affected pathways using the Onto-Tools Pathway-Express software. As expected from the fact that BMP4 belongs to the TGFB family, at all time points tested, the TGFB signaling pathway was highly affected (Table 1) . At all time points tested, PathwayExpress analysis revealed 21 common pathways that were highly influenced, with a corrected gamma P value of ,0.001 (Table 1) . Five of these pathways were related to adhesion properties of the cells and concerned adherens junction, focal junctions, gap junctions, cell adhesion molecules (CAMs), and regulation of actin cytoskeleton (Table 1) . Pathways involved in adherens junction and CAMs were ranked at number one at 4, 48, and 168 h after BMP4-induced differentiation (Supplemental Table S3 ) and, among the genes belonging to the number one ranked affected adhesion pathways over time (adherens junction and CAMs), Cdh1 showed mean fold changes of 1.2, 1.3, 1.6, and 1.9 for the time intervals of 4, 10, 48, and 168 h, respectively, in the micro-array analysis (Fig.  5A ). This upregulation of Cdh1 mRNA was confirmed by Q-PCR on additionally generated samples (Fig. 5A ). To check whether the changes at the mRNA level were reflected by changes at the protein level as well, Western blot analysis of CDH1 was performed and a 45-60% increase in CDH1 levels was found at all time points tested, except for 168 h (Fig. 5B) .
DISCUSSION
In the present study, we have shown that BMP4 directly induces the differentiation of the rat spermatogonial stem cell line GC-6spg via BMP receptors, suggesting that a similar mechanism is involved in the differentiation of SSCs in vivo. In addition, our time-course micro-array experiment shows that BMP4-induced differentiation is accompanied by changes in the adhesion properties of the cells, especially concerning adhesion to the matrix and cell-cell adhesion (Fig. 6A) , of which adherens junction and CAMs are most affected. Cdh1 is among the genes belonging to the most affected adhesion pathways and known to regulate cell-cell adhesion and tissue 
CHANGES IN ADHESION FEATURES OF A SSC CELL LINE
morphogenesis via the cell migration process [31, 32] . We hypothesize that Cdh1 upregulation after BMP4 treatment plays a role in the migratory capacities of early differentiating spermatogonia.
More detailed characterization of the two previously established SSCs cell lines, GC-5spg and GC-6spg [21] , further confirmed the stem cell characteristics of these cell lines. Both cell lines express Itga6 and Itgb1, which encode for key adhesion molecules that are predominantly expressed in SSCs [28] . Furthermore, GC-6spg cells express the undifferentiated spermatogonial specific transcription factor Zbtb16 (Plzf) [29, 30] . Other membrane markers known to be expressed by SSCs, like Cd9, Cd24, and Thy1 (reviewed in [1, 33] ), are also expressed by both cell lines. These data support the usefulness of the GC-5spg and GC-6spg cell lines to study the direct effects of growth factors on the cell fate of SSCs. BMP4 has previously been described to stimulate differentiation of SSCs in primary culture [16] . Our findings, obtained by using GC-6spg cells, suggest that BMP4 does so by directly inducing differentiation of SSCs as illustrated by an upregulation of Kit, known to be expressed from late A al spermatogonia onward at the time of their differentiation into A 1 spermatogonia [19] . Furthermore, our results show that GC6spg cells express the three isoforms of the BMP4 receptors Bmpr1a, Bmpr1b, and Bmpr2, which is in compliance with the previously reported expression of Bmpr1b and Bmpr2 in spermatogonia isolated from pubertal mice [16] . Binding of BMP4 to its receptor will result in phosphorylation of SMADs 1/5/8 that then oligomerize with SMAD4 and, as a complex, translocate to the nucleus and act as a transcription factor [16, 34] . Although GC-6spg might respond in a heterogenous way to BMP4, the expression of the three BMP4 receptor isoforms and the phosphorylation of the downstream SMAD proteins 1/ 5/8 demonstrate that BMP4 specifically induces differentiation via its receptors on these cells.
The results of DNA micro-array analysis indicate that genes and pathways involved in adherens junctions, focal junctions, gap junctions, CAMs, and regulation of actin cytoskeleton are highly affected during BMP4-induced differentiation of GC6- The lower the corrected gamma P value, the higher the rank (Supplemental Table S3 ). 
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spg. These changes in various adhesion pathways may be related to the enhanced migratory behavior of late A al and A1 spermatogonia, i.e., early cells that are committed to the differentiation pathway that can be seen in stages VII-IX in the normal epithelial cycle. This leads to the random distribution in the seminiferous tubules of A 2 , A 3 , and A 4 differentiating spermatogonia [7] . A recent study shed light on the important role of adhesion molecules in the proper localization of SSCs in their niche and showed that the adhesion molecule ITGB1 is important for the homing of SSCs to the basal membrane after transplantation [35, 36] . CDH1 is not involved in this characteristic process of the stem cells, but the authors suggested a possible role for CDH1 in SSC differentiation [35] . Our current findings are well in line with this notion and further elaborate on these results. By studying BMP4-induced differentiation of GC6spg, at 4 h (before the upregulation of KIT), at 10 h (after the first signs of upregulation of KIT), and at 48 and 168 h (after a clear upregulation of KIT), we have found that Cdh1 is among the genes belonging to the number one ranked affected adhesion pathways in these time points. CDH1 has an extracellular domain that is responsible for the adhesion to   FIG. 6. A) A proposed model of the BMP4-induced differentiation. BMP4 binds to the receptor, activating a signal cascade that leads to the regulation of adhesion related pathways. B) Schematic representation of CDH1 (blue) and KIT (violet) expression. Tokuta and coworkers [49] showed that CDH1 is present from A s to A 2 spermatogonia. Schrans-Stassen and coworkers [19] reported that KIT is expressed in late A al spermatogonia until preleptotene spermatocytes. Our results demonstrate that BMP4 is able to induce the differentiation of SSCs in vitro at least until the transition between A al and A 1 (dashed line).
cadherins on neighboring cells and a cytoplasmic domain [37] . The complex formed by E-cadherin/b-catenin/a-catenin is able to bind to the cytoskeleton actin and is thereby responsible for skeletal organization, cell shape, and movement [37, 38] . Knockout animals for Cdh1 are embryonic lethal and show impairment in cell junction and cytoskeleton organization [39] . However, several other studies clearly demonstrate that CDH1 is essential for differentiation not only during ontogenesis, but in mature organs as well. In particular, overexpression of a dominant-negative N/E-cadherin results in the perturbation of cell-cell adhesion and migration along the crypt-villus of the intestine [40, 41] . Tissue-specific knock out of Cdh1 impairs the differentiation of both epidermal keratinocytes and mammary epithelial cells [42] [43] [44] , indicating a role of CDH1 in differentiation of several cell types. Furthermore, ''quantitative differences'' in expression levels of cadherins as well as ''qualitative differences'' between different cadherins may induce segregation of cells from their initial population, which is a crucial phenomenon for tissue morphogenesis [31, 32, 45] . During gonad development, it is known that CDH1 is important for germ cell-germ cell interaction [46] . In the adult testis, CDH1 can be involved in germ cell-Sertoli cell interaction. As Sertoli cells hardly express CDH1, this interaction may occur in a heterocadherin fashion with other cadherins expressed by Sertoli cells [31, 32, 45, 47, 48] . The upregulation of Cdh1 during BMP4 treatment of GC-6spg cells shown in our study, together with previous data on tissue morphogenesis in general [31, 32, 37, 38, 40] , suggests that CDH1 might also play a role in migration and changes in cell shape of germ cells during differentiation. This hypothesis is in line with reports that demonstrate that A s , A pr , and A al spermatogonia are preferentially located in areas of the tubules that border on the interstitial tissue where blood vessels are present [5, 7] , while differentiating spermatogonia migrate out of the niche and become evenly distributed. Overall, these studies suggest that changes in the adhesion properties are necessary for the differentiating spermatogonia to move out of the niche.
Upon BMP4 treatment, GC-6spg cells show an upregulation of Kit and Cdh1 at the mRNA and the protein level, while expression of SCP1 and SCP3 cannot be detected. During spermatogenesis, KIT is upregulated in A al spermatogonia before their transition to A 1 spermatogonia [19] . A previous study has clearly shown CDH1 expression in A s , A pr , and A al spermatogonia, and this expression is lost during the transition from A 1 to A 2 [49] . This suggests that GC-6 cells differentiate in vitro from A s spermatogonia to at least the level of A al or A 1 spermatogonia upon BMP4 treatment (Fig. 6B) and that CDH1 is involved in this early spermatogonial differentiation process.
Taken together, our results indicate that BMP4 directly induces differentiation of GC-6spg cells and that during this differentiation, cell adhesion pathways are highly affected, with Cdh1 being one of the key genes. As GC-6spg cells have many molecular characteristics in common with SSCs, we propose that during differentiation of SSCs, A pr and A al spermatogonia into A 1 spermatogonia, cell adhesion pathways also play a pivotal role.
